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The yeast nonchromosomal gene [URE3] is due to a prion form of
the nitrogen regulatory protein Ure2p. It is a negative regulator of
nitrogen catabolism and acts by inhibiting the transcription factor
Gln3p. Ure2p residues 1–80 are necessary for prion generation and
propagation. The C-terminal fragment retains nitrogen regulatory
activity, albeit somewhat less efficiently than the full-length pro-
tein, and it also lowers the frequency of prion generation. The
crystal structure of this C-terminal fragment, Ure2p(97–354), at 2.3
Å resolution is described here. It adopts the same fold as the
glutathione S-transferase superfamily, consistent with their se-
quence similarity. However, Ure2p(97–354) lacks a properly posi-
tioned catalytic residue that is required for S-transferase activity.
Residues within this regulatory fragment that have been indicated
by mutational studies to influence prion generation have been
mapped onto the three-dimensional structure, and possible impli-
cations for prion activity are discussed.

The yeast nonchromosomal genes [URE3] (1) and [PSI] (2)
are due to infectious protein forms (prions) of the Ure2 and

Sup35 proteins, respectively (ref. 3; reviewed in ref. 4). Ure2p is
part of the signal transduction cascade that regulates nitrogen
catabolism in yeast, repressing genes for proteins involved in
using poor nitrogen sources when a rich nitrogen source is
available (5). Sup35p is a subunit of the translation termination
factor. The prion forms of Ure2p and Sup35p have lost their
normal functions, but have acquired the ability to transmit this
abnormality to other molecules of their respective normal forms.
Thus, [URE3] prion-carrying cells are derepressed for nitrogen
catabolism despite the presence of a good nitrogen source.
[PSI1] cells terminate translation inefficiently and thus read
through translation termination codons at increased frequency.

Ure2p has an N-terminal asparagine-rich ‘‘prion domain’’
(residues 1–80) that can efficiently induce the de novo generation
of the [URE3] prion, and is required in cis for a Ure2p molecule
to be inactivated by the [URE3] prion (6–8). The C-terminal
part of Ure2p (residues 81–354) is sufficient to carry out the
nitrogen regulation function of Ure2p and has significant ho-
mology to glutathione S-transferases (GSTs) of bacteria, plants,
and animals (9).

In cells with the [URE3] prion, Ure2p is aggregated (10) and
partially protease resistant (6), but it is evenly distributed in the
cytoplasm and protease sensitive in normal cells. The ability of
Ure2p to form amyloid in vitro, the dependence of this amyloid
formation on the prion domain of Ure2p, and the similarity of
protease-resistant fragments from Ure2p amyloid formed in vitro
to those of Ure2p in extracts of [URE3] cells suggest that
self-propagating amyloid is the basis for [URE3] prion propa-
gation (11).

Ure2p directly interacts with the DNA binding protein Gln3p,
preventing its entry into the nucleus to promote transcription of
an array of genes involved in assimilation of poor nitrogen
sources (12–15). Ure2p is itself regulated by Mks1p, mediating
nitrogen catabolite repression (16), and by the TOR system, a
global regulator that transmits nutritional information to many
cellular components (14, 17, 18). Inhibiting the TOR system
dephosphorylates Ure2p and thereby inactivates it.

Deletions of the Ure2p C-terminal nitrogen regulation do-
main dramatically elevate the efficiency with which the overex-
pressed protein induces the de novo appearance of the [URE3]
prion (6). Because the activity of the nitrogen catabolite repres-
sion pathway does not in itself affect the frequency with which
[URE3] arises (7), it has been suggested that the Ure2p C-
terminal domain normally interacts with the N-terminal prion
domain, thereby stabilizing it. Indeed, by using the yeast two-
hybrid system, it has been shown that the C-terminal residues
153–354 interact with the N-terminal residues 1–151 (19). Ar-
guing against interaction of N-terminal and C-terminal domains
are the results of denaturation studies. The free energy of
denaturation, measured as the urea concentration necessary for
half change of the intrinsic f luorescence of the protein is the
same for the full-length Ure2p and for a mutant molecule lacking
the prion domain (20). However, it is possible that interactions
between the N- and C-termini in the full-length Ure2p are
replaced by interactions within (or between subunits of) the
C-terminal domain in the deleted molecule. Full-length Ure2p
purified from Saccharomyces cerevisiae or Escherichia coli is a
soluble dimer (11, 20). Recombinant Ure2p 90–354, lacking the
prion domain, also has a dimeric structure (20).

Attempts to crystallize the intact Ure2p were frustrated by
proteolytic cleavage at residue 95. Here, we report the crystal
structure of the nitrogen regulation fragment of Ure2p,
Ure2p(97–354). This structure provides a framework to interpret
mutation data, identifying residues within this fragment that
influence the frequency of prion generation. A structure-based
explanation of the observed absence of GST activity for Ure2p
is also proposed.

Materials and Methods
Overexpression and Purification of His6-Ure2 Protein. The His6-Ure2
fusion plasmid (pKT41-1) was constructed by the PCR by using
p576 as template and primers 59-GGAACTCATATGCATCAC-
CATCACCATCACATGTATCCACGTGGGAATATGA-
TGAATAACAACGGC-39 and 59-GGAACTGTCGAC-
GAATTCTGTGGTTGGGGTAAC-39. These primers contain
an N-terminal His6 tag, a thrombin cleavage site, a 39 termina-
tion site, and flanking NdeI and SalI restriction sites. In the same
PCR, primers 59-CGGATGAGGTTCGTCGTGTTTACGGT-
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GTAG-39 and 59-CTACACCGTAAACACGACGAACCT-
CATCCG-39 were included to replace codons 253 and 254 of
URE2 with CGT (21). The NdeI-SalI fragment from pKT41-1
was cloned into the pFLAG vector (Kodak). The ExSite Mu-
tagenesis system (Stratagene) was then used to create a plasmid
(pTU2-B) coding for Ure2p(97–354) with an N-terminal His6

tag and a thrombin cleavage site.
For selenomethionine incorporation (22), the E. coli methi-

onine auxotroph B834(DE3)pLysS (Stratagene) carrying
pTU2-B was grown to log phase in 4 liters of LeMaster Medium
containing 55 mgyliter DL-selenomethionine, 100 mgyml ampi-
cillin, and 50 mgyml chloramphenicol at 37°C. Overexpression of
the C-terminal fusion was initiated by the addition of isopropyl
b-D-thiogalactoside (IPTG) to a concentration of 0.4 mM,
followed by incubation for 3 h at 30°C. Purification was based on
that previously published (11). Briefly, cells (18 g) were resus-
pended in 50 ml of binding buffer (50 mM TriszHCl, pH 8.0y0.5
M NaCly5 mM imidazoley1 mM b-mercaptoethanoly1 mM
PMSF) and disrupted with a French press. After centrifugation,
the supernatant was loaded onto a 2-ml Ni-NTA Superflow
(Qiagen, Chatsworth, CA) column, washed with 50 ml binding
buffer, and eluted with a 0–500 mM imidazole gradient in
binding buffer. Fractions containing pure protein were dialyzed
against 20 mM TriszHCl, pH 8.0, with 0.3 M NaCl. The His6 tag
was cleaved with thrombin (10 unitsymg protein, 6 h), which was
subsequently removed by a 2-ml benzamidine Sepharose 2B
column (Pharmacia). This column was washed with 5 ml of 20
mM TriszHCl, pH 8.0, containing 0.3 M NaCl, and the protein
eluates were combined, concentrated to 3.25 mgyml, and dia-
lyzed against 20 mM TriszHCl, pH 8.0, with 0.3 M NaCl.

Crystallization. Ure2p(97–354) was crystallized by vapor diffu-
sion. Droplets containing equal parts (5 ml to 30 ml total volume)
of protein and crystallization buffer [reservoir solution with
1022–1023 mgyml of a-chymotrypsin (Bovine pancreas; Sigma)]
were equilibrated against reservoir solutions of 2.5 M-3.0 M
NaCl and 100 mM bicine, pH 8.8. The growth of the crystal form
of Ure2p(97–354) reported here required proteolytic clipping of
the protein. Initially, crystallization sporadically occurred, and
usually only after a lengthy period, perhaps because of the trace
presence of an unknown protease. It was later found that similar
crystals could be reproducibly grown after limited proteolysis
with chymotrypsin. This treatment clipped Ure2p(97–354) after
M272 and before F295. Large well-formed crystals (0.6 mm
maximum) grew within several days.

Data Collection. Crystals were transferred into a final cryopro-
tectant solution of 21.75% (wtyvol) glycerol, 2.5 M–3.0 M NaCl,
and 100 mM bicine, pH 8.8, and were flash frozen with liquid
propane. Multiwavelength anomalous diffraction data at three
separate wavelengths (Table 1) were collected at beamline X-9B
of the National Synchrotron Light Source (NSLS) at 100 K by
using an Area Detector Systems Corporation Quantum 4 charge-
coupled device (CCD) detector. The crystal belonged to space
group P212121, with cell dimensions a 5 64.3 Å, b 5 69.2 Å, and
c 5 150.0 Å. The Matthews’ coefficient (23) is 3.02 Å3 Da21, with
two monomers per asymmetric unit.

Structure Determination and Refinement. X-ray data were pro-
cessed by using HKL (24). Nine of the twelve selenium atoms in
the asymmetric unit were located by using SOLVE (25) and SnB
(26). The three undetected sites were later revealed to be located

Table 1. Data collection and refinement statistics

Data set

l1 l2 l3

Wavelength, Å 0.9791 0.9789 0.9686
Resolution, Å 20.0–2.3 20.0–2.3 20.0–2.3
No. of observations 184,409 180,695 168,715
No. of unique reflections 27,098 30,005 29,499
Completeness (%)* 89.1 (92.6) 98.6 (99.8) 97.6 (99.5)
Rsym (%)*† 5.8 (37.5) 5.7 (32.9) 4.8 (32.0)
Phasing (Fys(F) $ 1.0)

Resolution, Å 2.7 2.4 2.3
Phasing Power‡ 1.62 2.54 —
Figure of merit 0.49 for 23,123 phased reflections

0.79 post-solvent flattening
Refinement statistics (l3 data set)
No. of reflections (Fys(F) $ 2.0)

Working 25,681
Test 1,343

R (Rfree)§ 22.1% (27.5%)
No. of protein atoms 3,666
No. of waters 204
^B-factor&, Å2

Monomer A 55.0
Monomer B 54.1
Water 57.1

r.m.s.d. from ideality
Bond lengths, Å3 0.0118
Angles, deg 1.62

*Values in parentheses refer to statistics for data in the 2.38–2.30 Å resolution shell.
†Rsym 5 (uI 2 ^I&uy(^I&.
‡Phasing power: FHCyE for the isomorphous case and 2FHC0yE for the anomalous case, where FHC is the calculated heavy atom structure
factor and E is the rms lack of closure.

§R 5 (uFO 2 FCu(FO; Rfree computed using randomly selected 5% of the data that were excluded throughout the refinement.
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on the protein surface and subject to high thermal vibrations.
The selenium positions were refined by using maximum-
likelihood phase refinement, and the resultant phases were
modified by using solvent flattening. These pseudo-MIRAS
calculations (Table 1) were undertaken in PHASES-95 (27). The
protein model was built into a good quality map into the density
by using O (28), and was refined by using CNS version 1.0 (29).
Bulk solvent correction and an anisotropic temperature factor
correction were used. Before refinement, 5% of the data were
randomly selected as a test data set, to be used for calculating
Rfree, whereas the model was refined against the remaining 95%
of the data. Rfree was used throughout the refinement to optimize
the refinement scheme and to prevent over-fitting of the data.
The final model included the use of weak noncrystallographic
symmetry (ncs) restraints (ncs-related main chain atoms, 50
kcalymolyÅ2; ncs-related side chain atoms, 25 kcalymolyÅ2;
weakly ncs-related main chain atoms, 25 kcalymolyÅ2; weakly
ncs-related side chain atoms, 15 kcalymolyÅ2; and no restraints
on side chain atoms judged not related by ncs) and restrained
individual temperature factors. Water molecules were added to
the model at the later stages of refinement. The final protein
model was evaluated by using PROCHECK (30). Figures were
created by using RIBBONS (31).

Results and Discussion
Overall Structure. The structure of Ure2p(97–354) displays a fold
similar to that of the GST superfamily (Fig. 1), as suspected from
the sequence similarity between these proteins (9, 32–34).
However, it should be noted that no GST activity has been
observed in Ure2p (9, 32). The Ure2p(97–354) monomer has two
domains and dimensions of approximately 57 Å 3 55 Å 3 36 Å.
The N-terminal domain, residues Glu-112 to Gly-197, contains
a single four-stranded b-sheet and three a-helices in a bababba
motif (Fig. 2). The core of this domain is the mixed b-sheet, in
which b1 and b2 are parallel, and b1 and b3, and b3 and b4 are
anti-parallel. Helix a2 is present in a highly solvent exposed loop
structure. Residues Asn-198 to Asp-204 form a linker between
the first and second domains. The N-terminal residues Val-97 to
Phe-105 of Monomer A, and Val-97 to Gln-109 of Monomer B
were excluded from the model, because they were not observed
in the electron density maps, and are presumably disordered.

The C-terminal domain, residues Asp-205 to Glu-354, con-
tains six a-helices and a single turn of 310 helix. This domain
contains the chymotrypsin cleavage sites, and the clipped region
(Glu-273 to Phe-294) is a solvent exposed loop structure that
extends from the core of the domain. In sequence alignments

between Ure2p and GSTs, there is a high tendency for this
clipped region in Ure2p to be absent in GST (Fig. 2).

The domain interface within the monomer is formed by the
helices a1, a3, a4, a6, and a9, and has a combination of
hydrophobic and hydrogen bonding interactions, together with a
single salt bridge between Glu-134 and Arg-344. The total buried
surface area at this interface is approximately 2100 Å2.

Fig. 1. Stereoview of the Ure2p(97–354). Monomer A is green and Monomer B is cyan. Prion-inhibiting regions (His-151 to Ser-158 and Val-347 to Glu-354) are
indicated in blue, and the prion-promoting region (Ser-221 to Ile-227) is indicated in red. Gold labels the position of two additional residues implicated in
affecting prion-induction, K127 and V271.

Fig. 2. Sequence alignment of Ure2p and structurally similar GSTs [PDB code
1A0F: E. coli GST (37); PDB code 1GNW: A. thaliana theta class GST (38)].
Secondary structural elements identified in the Ure2p(97–354) crystal struc-
ture are indicated above the sequence. Residues conserved in all sequences are
indicated by an asterisk below the sequence. Catalytic residues are cyan. G-site
(GSH-binding) residues are green. H-site (hydrophobic electrophile-binding)
residues are violet. Underlined residues indicate residues contributed to a
binding site by the second monomer of the dimer. The indicated residues in
Ure2p have been selected by analogy to these similar GSTs.
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Ure2p(97–354)’s dimer assembly is consistent with that ob-
served within the theta class GST family, but with some differ-
ence in the relative orientation of the two interacting monomers.
The theta class GSTs exhibit increased variability at the dimer
interface (35) compared with other classes of GST. The rms
deviation between the two Ure2p(97–354) monomers is 0.38 Å
and 1.21 Å, calculated over Ca and all atoms, respectively. The
dimer interface is composed of the extended loop region be-
tween b2 and b3, strand b4, and helices a3, a4, and a5. A total
surface area of approximately 3600 Å2 is buried at the dimer
interface.

Crystal Contacts. The crystal form of Ure2p(97–354) reported
here has a higher than average solvent content of approximately
60%. The crystal packing contacts involve solely like monomers.
That is, the only contacts between Monomer A and Monomer B
exist within the intact dimer, which constitutes the asymmetric
unit. The two types of crystal packing interactions, those involv-
ing only Monomer As and those involving only Monomer Bs, are
similar but not identical. Contacts of the first type are more
extensive, with a total buried surface area of 1750 Å2, opposed
to only 1150 Å2 buried in contacts of the second type. The phenyl
group of Phe-295 in the Monomer B contacts makes fewer
hydrophobic interactions and is more solvent exposed than the
corresponding group in the Monomer A contacts.

A further point of interest regarding the crystal contacts
concerns the residues involved. At the 2-fold screw axis, the
residues near the proteolytic clip sites (i.e., Met-272 and Phe-
295) of one monomer protrude into a cleft formed between the
two domains of a symmetry related monomer (Fig. 3). Phe-295,
Asp-296, and Tyr-297 make contact by being inserted into the
cleft, and residues Arg-267 to Met-272 interact with the cleft’s
outer edge. More specifically, this cleft is defined by the loop
between b1 and a1 and the loop between b2 and b3 in the first
domain, and by a4, a6, the 310 helix immediately after a6, and
a9 on the second domain. In the structurally similar GSTs, the
analogous cleft contains the catalytic active site, including the G-
(glutathione) and the H- (hydrophobic electrophile) substrate
binding sites (36–38). The Ure2p(97–354) residues within the
cleft that participate in crystal contacts are in a region equivalent

to the GST H-site. Thus, there is a possibility that the crystal
packing interactions are mimicking biologically relevant inter-
actions formed between Ure2p and an endogenous binding
partner.

Structural Comparisons with GSTs. The structure of monomeric
Ure2p(97–354) was compared with the entries in the PDB by
using DALI (39) and VAST (40), and all of the closest neighbors
belonged to the GST superfamily (reviewed in refs. 36, 41, and
42). A GST from E. coli (PDB code 1A0F) (43) had the lowest
rms deviation (2.3 Å) from Ure2p(97–354) over Ca atoms from
187 residues. The sequence identity was 20%. The plant theta
class GST from Arabidopsis thaliana (PDB code 1GNW) (38) has
a rms deviation of 2.6 Å over 199 residues (23% identity) when
compared with the Ure2p(97–354) monomer (Fig. 4). Ure2p(97–
354)’s deep cleft has a strong structural resemblance to the
regions identified as the G- and H-sites in the GSTs. This
similarity is particularly true for the comparison with the theta
class GST from A. thaliana.

Despite the broad sequence variation in GSTs, there are
several residues and motifs that are highly conserved, and these

Fig. 3. Space-filling model of Ure2p(97–354) Monomer A about the region comparable to the GST H-site (cyan). Residues from a symmetry related molecule
are represented as balls-and-sticks. Additional residues from the neighboring molecule, which also forms crystal contacts in this region, have been excluded for
clarity.

Fig. 4. The superposition of Monomer A of Ure2p(97–354) (red) and a
monomer of A. thaliana GST (38) (blue). This representation is viewed into the
cleft between the two domains, which in GST contains the G- and H-sites.
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tend to also be present in Ure2p. Koonin et al. (33) identified two
conserved sequence motifs within the GST superfamily.
Ure2p(97–354) contains motif I between Asn-162 and Asn-190,
and contains motif II between Trp-300 and Asn-317. Two
structurally important residues belonging to the two motifs are
also found in Ure2p(97–354) as cis Pro-166 and an aspartate with
its sidechain buried (Asp-310). The cis proline participates in the
proper formation of the G-site, and the buried aspartate has
been implicated as playing a role in the initial folding steps in
GSTs.

A consensus sequence pattern has been generated for the
theta class GSTs (34). This consensus pattern contains restric-
tions on 35 sequence positions within the N-terminal domain.
The corresponding residues in Ure2p conform to this pattern in
all but two positions. One of these disagreements is at position
71 of the consensus pattern (a tyrosine), which is His-187 in
Ure2p. This residue is in a3 of Ure2p(97–354) and interacts with
the sidechain of Asp-170, which is in b3. In the A. thaliana GST
crystal structure (38), which conserves this consensus tyrosine,
a similar interaction is observed with an aspartate on b3. Thus,
Ure2p’s violation of the consensus pattern at this position would
appear to be minor.

Ure2p’s second deviation from the GST theta class consensus
sequence is more significant. Position 9 of the consensus se-
quence is a serine, but the corresponding position is Ala-122 in
Ure2p. In the known structures of theta class GSTs (38, 44, 45),
this serine’s Og atom is either positioned, or may be positioned
through a simple change of rotamer, to form a hydrogen bond
with the sulfhydryl group of bound glutathione (GSH). This
interaction has been proposed to stabilize the GSH as a thiolate
anion, and thus activate GSH for the nucleophilic addition of the
GSH sulfur atom to electrophilic groups of hydrophobic sub-
strates (43). Mutation of this catalytic serine, Ser-11, to alanine
in the A. thaliana theta class GST not only dramatically reduced
activity to less than 0.5% the wild-type enzyme, but also signif-
icantly reduced the mutant’s affinity for immobilized GSH (45).
In the other GST classes, the hydroxyl group of a conserved
tyrosine serves to stabilize the thiolate anion. Ure2p also lacks
this corresponding tyrosine.

The lack of observed catalytic activity could be due to the
insertion of alanine for serine at residue 122 of Ure2p(97–354).
The cleft in Ure2p(97–354), comparable to the GSH binding site
in GSTs, was analyzed for other residues that might stabilize an
activated GSH thiolate anion. Adjacent to Ala-122 is Ser-121,
and this initially appeared to be a likely suspect. However, the
sidechain of this residue is directed away from what is compa-
rable to the G-site, and is ill positioned, even with a change of
rotamer, to interact with GSH, much less to stabilize the thiolate
anion. On superposition of the monomers of both structures, the
distance separating the Cb atoms of Ser-121 and the catalytic
Ser-11 of A. thaliana GST (38) is 6.3 Å, and the distance between
the respective Ca atoms is 4.3 Å. Moreover, the directions of the
Ca-Cb bond of the two respective serines differ by greater than
90° in the superimposed structures. No other residues within
Ure2p(97–354)’s cleft appear to be positioned to serve this
catalytic role without the protein undergoing significant confor-
mational changes.

In the E. coli GST, neither the conserved tyrosine nor serine
catalytic residues are present. Instead, the mainchain amide
group of Cys-10 and the sidechain of His-106 of this GST are
proposed to be the catalytically important groups (37). An
analogous arrangement is absent in the Ure2p(97–354) struc-
ture. Yet, the possibility that Ure2p contains a novel set of
catalytic residues cannot be excluded.

Several alternative conclusions may be drawn regarding Ure2p
and its lack of observed GST activity. First, it may lack activity
because of the absence of a key catalytic residue leading to the
protein’s inability to stabilize the active form of GSH. Second,

Ure2p may indeed possess GST activity, but requires an as yet
untested and possibly unique substrate or set of reaction con-
ditions. For example, theta class GSTs exhibit substrate speci-
ficity, having a tendency toward low specific activity when
assayed with the small substrates 1-chloro-2,4-dinitrobenzene
(CDBN), 1,2-dibromomethane, and 1,2-epoxy-3-(p-nitrophe-
noxy)-propane (38, 46). There are examples of GST and GST-
like proteins that possess functionality that is independent of
GST activity. A human pi class GST has been reported as serving
as a regulator of signal transduction (47). Both the wild-type pi
class GST and an enzymatically inactivate mutant were shown to
inhibit activation of the nuclear transcriptional activating protein
jun by jun kinase (JNK), with the GST’s C-terminal residues (194
to 201) being implicated as important for this inhibitory activity.
The S-crystallins of cephalopods, which perform a refractive
function in the eye lens, have evolved from a sigma class GST
(48, 49).

Implications for Prion Formation. The isolated nitrogen regulation
fragment of Ure2p lacks both prion-inducing and prion propa-
gation activity (6, 7). However, there are data that this fragment
of the protein influences the prion activity of Ure2p’s prion
domain (residues 1–80). First, the prion-inducing activity of the
prion domain alone is much greater than that of the intact
protein (6), and the nitrogen regulatory activity of the nitrogen
regulation fragment alone is also less efficient than that of intact
Ure2p (6). Several deletion mutants within the nitrogen regu-
lation fragment alter the prion-inducing activity of the otherwise
intact Ure2p (8). Deletion of residues His-151 to Ser-158, which
reside in the loop between b2 and b3, or the C-terminal residues
Val-347 to Glu-354, increases prion-inducing activity approxi-
mately 100-fold while also eliminating the nitrogen regulatory
activity (Fig. 1). These prion-inhibiting regions lie on the same
face of the protein as does the N terminus of the Ure2p(97–354)
fragment, consistent with the hypothesis that the prion-inhibiting
property of these residues is due to direct interaction between
them and residues within the prion domain. Residues from
His-151 to Ser-158 of Ure2p(97–354) correspond to a region in
GSTs that participates in forming the G-site.

Deletion of residue Ser-221 to Ile-227 eliminates the prion-
inducing activity of the otherwise intact Ure2p, while not
affecting the nitrogen-regulating activity. These residues have
been termed prion promoting (8), but no explanation for this
activity is readily forthcoming from the structure. These residues
are located in the middle of the long helix a4, and include the
kink within this helix. Although these residues are near the dimer
interface, only Ser-221 actually forms a contact across the
interface. In fact, many of these residues are solvent accessible
because a4 forms a wall that separates the cleft in one monomer
from its mate in the dimer. Two possible models regarding the
role of these residues in prion generation are suggested. In the
first model, the deletion of these residues eliminates prion
induction simply by the fortuitous creation of stabilizing inter-
actions between the prion domain and the regulation fragment,
while not altering the region responsible for the nitrogen regu-
latory activity. In the second model, Ser-221 to Ile-227 are
necessary for interacting with a factor that enhances prion
generation. One candidate for this factor is the protein Mks1p,
which has been demonstrated to be necessary for prion gener-
ation (16, 50).

Two double mutants of Ure2p have been identified that
enhance prion-induction by approximately 10-fold (51). Each
mutant includes a single mutation in the prion domain and a
single mutation in the nitrogen regulation fragment, neither of
which alone results in any change in prion generation. The first
such double mutant is Ure2p(S10LyV271E), which retains reg-
ulatory activity. Residue V271 is located at the C-terminal end
of helix a5 (Fig. 1). It is distant from the N terminus of

Umland et al. PNAS u February 13, 2001 u vol. 98 u no. 4 u 1463

BI
O

CH
EM

IS
TR

Y



Ure2p(97–354) of the same monomer, but, in the context of the
dimer, it lies near the N terminus of the second monomer. The
second Ure2p double mutant is Ure2p(R17CyK127E). This
mutant has lost nitrogen regulatory activity, as has the single
K127E point mutation. Lys-127 is located on helix a1, and its
sidechain amino group is located across the cleft from the
prion-promoting region in a4 (Ser-221 to Ile-227), with the Nz
atom of Lys-127 6.8 Å from the Cb atom of Ala-224. Whereas
Lys-127 and the prion-promoting region map to the same
structural region, the R17CyK127E double mutant and the
Ser-221 to Ile-227 deletion mutant result in opposite affects on
both prion induction and nitrogen regulatory activities.

Concluding Remarks. The mechanisms through which Ure2p par-
ticipates in nitrogen catabolite repression and may be trans-
formed into a yeast prion are still not understood. Nitrogen
catabolite repression involves an interplay between Ure2p,
Gln3p, the TOR system, Mks1p, and the phosphorylation states
of Ure2p and Gln3p. Mks1p is also a necessary factor for de novo
[URE3] prion generation. However, because the frequency of
prion generation is not a function of the available nitrogen
source (7), Mks1p probably has two distinct interactions with
Ure2p, one dependent and one independent of the available
nitrogen source.

The crystal structure of Ure2p(97–354) demonstrates that this
fragment is structurally similar to the GST superfamily. How-
ever, the absence within Ure2p(97–354) of catalytic residues
conserved within GSTs may be the reason why no GST activity
has been observed for Ure2p. In the least, it indicates that
perhaps Ure2p is a novel GST for which the appropriate
enzymatic assay has not yet been applied. Additionally, this work
allows for the location of residues implicated by mutational
analysis as influencing prion inducement within the context of
the three-dimensional structure. Perhaps more intriguing and
harder to interpret are those residues that are located within the
cleft between the two domains. This cleft is structurally com-
parable to the GST active site. One possibility is that, through
evolution, Ure2p has lost GST activity and instead this cleft is
used for the binding of some or all of the Ure2p’s partners in
nitrogen regulation and perhaps also factors that influence prion
formation. The crystal contacts observed within and near the
cleft may mimic these binding interactions.

Note Added in Proof. A paper describing a similar construct of Ure2p,
although in different crystal forms, has just appeared (52).
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